Part 1

Physics Case



Chapter 1
The Physics Case for BTeV

1.1 Introduction

Experimental particle physics seeks answers to many questions about nature. Some central
issues include:

e How are fermion masses generated?
e Why is there a family structure?
e Why are there three families rather than one?

The Standard Model [1] describes these phenomena quite well. Thus far all predictions
are consistent with experiment. Symmetries and symmetry violations are crucially important
physics phenomena. Weak decays are known to violate parity, P, and the product of charge-
conjugation and parity, CP [2]. That the three family structure allows CP violation to occur
naturally via quark mixing is an important clue that we are on the right track. However,
the Standard Model is more of a description than an explanation.

The magnitude of CP violation is intimately tied to the question of “baryogenesis,” or
how did the Universe get rid of the anti-baryons. A possible solution was first proposed
by Sakharov [3]. It requires three ingredients: CP violation, lack of thermal equilibrium at
some time and baryon non-conservation. The Standard Model provides the third component
via quantum corrections to anomaly diagrams. Inflation can provide the lack of thermal
equilibrium. Although the Standard Model incorporates CP violation, it is believed that
the amount is far too small. Of course we may find that the Standard Model explanation is
incorrect.

We describe here a program of measurements that need to be performed in order to test
whether the Standard Model indeed describes quark mixing and CP violation. There are
many important experimental measurements to be made. We will describe the reasons why
these measurements are crucial. We will also point out the important tests that probe for
physics beyond the Standard Model.



There are many other interesting and important physics topics concerning issues of heavy
quark production, the phenomenology of weak decays, etc., that we do not discuss here. It
should be kept in mind that other areas of interesting physics can be addressed by BTeV.

1.2 The CKM Matrix

The physical point-like states of nature that have both strong and electroweak interactions,
the quarks, are mixtures of base states described by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [4],

dl Vud Vus Vub d
s = Vea Voo Vo s |- (L.1)
o Vi Vis Vi b

The unprimed states are the mass eigenstates, while the primed states denote the weak
eigenstates. The Vj;’s are complex numbers that can be represented by four independent real
quantities. These numbers are fundamental constants of nature that need to be determined
from experiment, like any other fundamental constant such as « or G. In the Wolfenstein
approximation the matrix is written as [5]

1—)?/2 A AX3(p—in(1 — N?/2))
Vekm = —A 1—X?/2 —inA?\! AN(1 +1in)A?) : (1.2)
AN (1 = p—in) —AN? 1

This expression is accurate to order A* in the real part and A\° in the imaginary part. It is
necessary to express the matrix to this order to have a complete formulation of the physics
we wish to pursue. The constants A and A have been measured using semileptonic s and
b decays [6]; A ~ 0.22 and A =~ 0.8. The phase 5 allows for CP violation. There are
experimental constraints on p and 7 that will be discussed below.

1.2.1 Unitarity Triangles

The unitarity of the CKM matrix! allows us to construct six relationships. These equations
may be thought of as triangles in the complex plane. They are shown in Fig. 1.1

In the bd triangle, the one usually considered, the angles are all thought to be relatively
large. It is described by:

VieVaa + VaVea+ Vs Vg =0 . (1.3)
To a good approximation
Vil = [Vao| = 1, (1.4)
which implies
Vub ‘/;;l *
_w o, te =0 . 1.
v, + v, + V=0 (1.5)

1Unitarity implies that any pair of rows or columns are orthogonal.
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Figure 1.1: The six CKM triangles. The bold labels, i.e ds refer to the rows or columns used

in the unitarity relationship.

Since V; = A, we can define a triangle with sides

1 (1.6)
Via 1|V
_ =_|= 1.
A3 (p—1)"+n |V, (1.7)

This CKM triangle is depicted in Fig. 1.2.

We know two sides already: the base is defined as unity and the left side is determined
within a relatively large error by the measurements of |V,;/Vy| [7]. The right side can be
determined using mixing measurements in the neutral B system. However, there is a very
large error due to the uncertainty in fg, the B-meson decay constant. Later we will discuss
other measurements that can determine this side. The figure also shows the angles «, 8,
and . These angles can be determined by measuring CP violation in the B system.

Aleksan, Kayser and London [8] have shown that the CKM matrix can be expressed in
terms of four independent phases. These are taken as:

_ V;&b V;&fl _ Vu*b Vud
B=arg| ==~ |, y=arg| —=, ,

‘/;b cd cb‘/;d
=arg| — , =arg| —— , :
XTI VeV X =TI\ TV,
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Figure 1.2: The CKM triangle shown in the p — n plane. The left side is determined by
|Vus/ V| and the right side can be determined using mixing in the neutral B system. The
angles can be found by making measurements of CP violation in B decays.

where we have changed the confusing notation of Aleksan et al from ¢, € to x and x'. We
will address the usefulness of this parameterization in section 1.9.

1.2.2 Neutral B Mixing

Neutral B mesons can transform to their anti-particles before they decay. The diagrams for
By mixing are shown in Fig. 1.3. (The diagrams for B, mixing are similar with s quarks
replacing d quarks.) Although u, ¢ and ¢ quark exchanges are all shown, the ¢ quark plays
a dominant role, mainly due to its mass, since the amplitude of this process grows with the
mass of the exchanged fermion.

b d b t,c,u
3 t,c,u t,c,ul-) 3 SW 2 b
t,c,u

Figure 1.3: The two diagrams for B; mixing.

The probability of B° mixing is given by [9]

N (EO) z?
= = h 1.1
7 N (B°) 2_i_aﬂ,welre (1.10)
Am G% m?
TE = e QBBmeBTB|V;&bV;&d| th(M_éV>77QCD7 (1.11)

where Bpg f% is related to the probability of the d and b quarks forming a hadron and must
be estimated theoretically; F is a known function which increases approximately as m?, and
nocp is a QCD correction, with a value ~ 0.8 [10]. By far the largest uncertainty arises
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from the unknown decay constant, fp. This number gives the coupling between the B and
the W~. It could in principle be determined by finding the decay rate of Bt — ptv or
Bt — 7%y, both of which are very difficult to measure. Since

ViaVaal® o |1 = p = in)|* = (0= 1)* + 7, (1.12)

measuring mixing gives a circle centered at (1,0) in the p — n plane. The best recent mixing
measurements have come from a variety of sources [11], yielding a value (for By) of Am =
(0.464 4 0.018) x 102 As™'.

The right-hand side of the triangle can be determined by measuring B, mixing using the

ratio ) )
Ams _ (%) (fB3> (mB5> E , (113)
Amy B IB mp ) | Via
where )
v
| =Xl -1+ (1.14)

The large uncertainty in using the By mixing measurement to constrain p and 7 is largely
removed since many sources of theoretical uncertainty cancel in the ratio of the first two
factors in equation (1.13), which is believed to be known to £20% [12].

1.2.3 Current Status of the CKM Matrix

Measurements of |V,;/Vy| probe p? +n* and thus form a circular constraint in the p — 7
plane centered at (0,0). Similarly, mixing measurements form a circular constraint centered
on (1,0).

The fact that the CKM matrix is complex allows CP violation. There is a constraint on
p and 7 given by the K7 CP violation measurement (¢), given by [13]

n (1 —p)A*(1.4£0.2) +0.35] A2(;B—7I; = (0.30 £ 0.06), (1.15)
where the errors arise from uncertainties on m, and m,.

The constraints on p versus 7 from the V,;/V,;, measurement, ¢ and B mixing are shown
in Fig. 1.4. The bands represent 1o errors, for the measurements, and a 95% confidence
level upper limit on B, mixing. The width of the B; mixing band is caused mainly by
the uncertainty on fp, taken here as 240 > fp > 160 MeV. Other parameters include
[Vis| = 0.0381 £ 0.0021, |V,/ V| = 0.085 £ 0.019 [14], limit on Am, > 12.4 ps™', and the
ratio fp,\/Bg,/fp,\/Bp, < 1.25 [15].

The width of the € band is caused by errors in A, m,, m, and Bg. Here By is taken as
0.80£0.15 according to Buras [16].

Recent measurements of €'/e determine 7 directly [2]. However, the theoretical errors
are so large that all that can be said is that the measurement is consistent with the allowed
region. We caution the reader that this plot is only a guide, since the measured quantities
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Figure 1.4: The regions in p—1 space (shaded) consistent with measurements of CP violation
in K7 decay (€), Vi/Vy in semileptonic B decay, B mixing, and the excluded region from
limits on B mixing. The allowed region is defined by the overlap of the 3 permitted areas,
and is where the apex of the CKM triangle sits.

all have large or even dominant errors due to theoretical models, and the bands are only
+10 wide. This analysis is in good agreement with that of Rosner [15]. and in substantial
agreement with the analysis of Plaszczynski and Schune [17], but not in agreement with
Caravaglios et al [18], who extract what we view as unreasonably small errors from the data.

1.3 CP Violation in Charged B Decays

The theoretical basis of the study of CP violation in B decays was given in a series of papers
by Carter and Sanda, and Bigi and Sanda [19]. We start with charged B decays. Consider
the final states f* which can be reached by two distinct weak processes with amplitudes A

and B, respectively. . . . .
A=a,e%a,e®, B=b,eb, e . (1.16)

The strong phases are denoted by the subscript s and weak phases are denoted by the
subscript w. Under the CP operation the strong phases are invariant but the weak phases
change sign, so

A=a,%aq,e”% B=bebe % . (1.17)

The rate difference is
Ir-T = |A+B*-|A+B (1.18)
= 2a,a,bsby, sin(ds — 6;) sin(d, — 6,,) - (1.19)



A weak phase difference is guaranteed in the appropriate decay mode (different CKM phases),
but the strong phase difference is not; it is very difficult to predict the magnitude of strong
phase differences.

As an example consider the possibility of observing CP violation by measuring a rate
difference between B~ — K 7° and B™ — K*7n°. The K x° final state can be reached
either by tree or penguin diagrams as shown in Fig. 1.5. The tree diagram has an imaginary

B o}

S S
_ U d
i C ?i—;} : ‘Sg}

Figure 1.5: Diagrams for B~ — K~ 7° (a) and (b) are tree level diagrams where (b) is color
suppressed; (c) is a penguin diagram. (d) shows B~ — K°z~, which cannot be produced
via a tree diagram.

part coming from the V,,; coupling, while the penguin term does not, thus insuring a weak
phase difference. This type of CP violation is called “direct.” Note also that the process
B~ — K°r~ can only be produced by the penguin diagram in Fig. 1.5(d). Therefore, in this
simple example, we do not expect a rate difference between B~ — K°n~ and BT — K°r™t.
(There have been suggestions that rescattering effects may contribute here and produce a
rate asymmetry, see section 1.8.)

1.4 CP Violation Formalism in Neutral B decays

For neutral mesons we can construct the CP eigenstates

B = 5 (B)+[5Y) (1.20)
B3 = (B -1BY) (L.21)
where
oP|BY) = |BY) (1.22)
CP|BS) = —|BY) . (1.23)



Since B° and B° can mix, the mass eigenstates are superpositions of a|B°) + b|B°) which
obey the Schriodinger equation

L0)-n()-e)(3)

If CP is not conserved then the eigenvectors, the mass eigenstates |Br) and |Bp), are not
the CP eigenstates but are

|B) =p|B°) +4/B°), |Bu)=p|B°) - qlB"), (1.25)
where
1 1 + €B 1 1- €B
p= BB (1.26)
V2 /1 +ep]? V2 /1 +ep?
CP is violated if eg # 0, which occurs if |¢/p| # 1.
The time dependence of the mass eigenstates is
|BL(t)) = e Ttt2e7imit/2| B, (0)) (1.27)
|Bu(t)) = e THiPemimai2| By (0)), (1.28)
leading to the time evolution of the flavor eigenstates as
. Amt Ami o
1B°(t)) = e (im+5)t (cos ;”’ 1B°(0)) + ig sin ;”’ B (0))) (1.29)
., . Amt Ami o
| B (t)) = g~ (im+3)t (zg sin ;n, | B°(0)) + cos ;n, |B (0))) , (1.30)

where m = (my, + mg)/2, Am = myg —my, and I' = I';, =~ I'y. Note that the fraction of
B° remaining at time t is given by (B°(t)|B°(t))", and is a pure exponential, e~'*, in the
absence of CP violation.

Indirect CP wviolation in the neutral B system

As in the case of K;, decay, we can look for the rate asymmetry

__ L(B°() = Xtry) ~ T (B(t) » XE) (1.31)
sl [ (B°(t) —» Xt+v) + T (Bo(t) — X{-p) |

4

1—|¢
= L ~0(107%). (1.32)

1+

q
p

These final states occur only through mixing as the direct decay occurs only as B — X/ v.
To generate CP violation we need an interference between two diagrams. In this case the
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two diagrams are the mixing diagram with the ¢-quark and the mixing diagram with the
c-quark. This is identical to what happens in the K7 case. This type of CP violation is
called “indirect.” The small size of the expected asymmetry is caused by the off-diagonal
elements of the I' matrix in equation (1.24) being very small compared to the off-diagonal
elements of the mass matrix, i.e. |['j5/M5| < 1 and Im(I';5/M;5) # 0. This results from
the nearly equal widths of the B} and By [20].

In the case of the B? a relatively large, ~15% component of B, decays is predicted
to end up as a ccs3 final state. Since B, decays with the same rate into the same final
state, it has been predicted [21] [23] [22] that there will be a substantial width difference
Al' = Ty — T';, ~15%I", between CP+ and CP- eigenstates. BTeV can easily measure
this lifetime difference by measuring the lifetime of a mixed CP state such as D7~ and
comparing with the CP- state J/¢1n'. The CP+ state K"K~ can also be used [24]. For
finite AT, equations 1.29 and 1.30 are modified [25]. See section 1.8.5 for more details.

CP wviolation for B via interference of mizing and decays
Here we choose a final state f which is accessible to both B° and B’ decays. The second

amplitude necessary for interference is provided by mixing. Fig. 1.6 shows the decay into f
either directly or indirectly via mixing. It is necessary only that f be accessible from either

B° ¥
BO

Figure 1.6: Two interfering ways for a B° to decay into a final state f.

state. However if f is a CP eigenstate the situation is far simpler. For CP eigenstates

CP|fcp) = |fcp)- (1.33)

It is useful to define the amplitudes
A= {fep|H|B®), A= (fCP|H|§O>' (1.34)

If ‘%‘ # 1, then we have “direct” CP violation in the decay amplitude, which was discussed
above. Here CP can be violated by having

A= #1, (1.35)

RS-SRS
o | sy

1
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which requires only that A? acquire a non-zero phase, i.e. || could be unity and CP violation
can occur.
The asymmetry, in this case, is defined as

[ (B°(t) = for) =T (B'(t) = fep)

Qfpp = —5 : (1.36)
o8 T (Bo(t) > for) +T (B°(8) = for)
which for |¢/p| =1 gives
(1 — |A]?) cos (Amt) — 2ImA sin(Ami)
a.fCP = 1 + |)\|2 . (137)
For the cases where there is only one decay amplitude A, |A| equals 1, and we have
as.p = —ImAsin(Amt). (1.38)

Only the amplitude, —ImA contains information about the level of CP violation, the sine
term is determined only by B° mixing. In fact, the time integrated asymmetry is given by

T

afCP = —mIm)\ , (139)

where z = A™. For the case of the B, z/(1+12?)= 0.48, which is quite lucky as the maximum
size of the coefficient is —0.5.

Im is related to the CKM parameters. Recall A = % . %—. The first term is the part that
comes from mixing:
b Ithth|2 (1 _p+7;77) (1 —P—in)
2(1 —
P S Gl B (1.41)

P (1-p)+7
To evaluate the decay part we need to consider specific final states. For example, consider
f = ntw~. The simple spectator decay diagram is shown in Fig. 1.7. For the moment we
will assume that this is the only diagram which contributes. Later we will show why this is
not true. For this b — utid process we have

A (ViVi)? — in)? :
g ( ud ub)2 — (p /”7) : — 6—2Z’)’, (142)
A ViaVul* (o= in)(p+in)
and o .
Im()\) = Im(e™?#e27) = Im(e**) = sin(2a) . (1.43)

2 here is not the same variable that occurs in the Wolfenstein representation of the CKM matrix.

12



Figure 1.7: Decay diagram at the tree level for B — 77 ~.

The final state J/¢Kg plays an especially important role in the study of CP violation.
It is a CP eigenstate and its decay is dominated by only one diagram, shown in Fig. 1.8. In
this case we do not get a phase from the decay part because
A (Vv
g ( b 05)2 (144)
A |‘/;b‘/;s|

is real. In this case the final state is a state of negative CP, i.e. CP|J/YKg) = —|J/YKg).

Figure 1.8: Decay diagram at the tree level for B® — J/¢Kg.

This introduces an additional minus sign in the result for ImA. Before finishing discussion of
this final state we need to consider in more detail the presence of the Kg in the final state.
Since neutral kaons can mix, we pick up another mixing phase. This term creates a phase

given by
% 2
(g) — ( cd‘/;s) (1 45)
D K |‘/;d‘/;s|2,

which is zero. It is necessary to include this term, however, since there are other formulations
of the CKM matrix than Wolfenstein, which have the phase in a different location. It is
important that the physics predictions not depend on the CKM convention.?

In summary, for the case of f = J/YKg, ImA = —sin(203).

3Here we don’t include CP violation in the neutral kaon since it is much smaller than what is expected
in the B decay.
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1.5 Techniques for Determining [

The decay B® — J/¢Kg is the primary source for measurements of sin(25). In the com-
mon phase convention, CP violation is expected to arise mostly from the mixing, driven by
Im(q/p), while the decay amplitude, Im(A/A), is expected to contribute only a small part
(see Fig. 1.8). This decay is expected to have only a small Penguin contribution, but even
if the Penguin contribution is significant it does not change the contribution of the mixing
phase or the decay phase.!

While we expect that sin(23) will have been measured before BTeV, we do aim to improve
significantly on the precision of the measurement. Furthermore, we intend to be able to
remove “ambiguities.” When we measure sin(2¢), where ¢ is any angle, we have a four-fold
ambiguity in ¢, namely ¢, 7/2 — ¢, ¢ + 7 and 37/2 — ¢. These ambiguities can mask the
effects of new physics. Our task is to remove as many of the ambiguities as possible.

1.5.1 Removal of Two of the / Ambiguities

The decay B — J/v K*(890), where K* — Kgm° can be used to get information about the
sign of cos(2(3), which would remove two of the ambiguities [26]. This decay is described by
three complex decay amplitudes. Following a suggestion of Dighe, Dunietz, and Fleischer [27,
28], we write the decay amplitudes 4y = —/1/3S ++/2/3 D, A= \2/3S++/1/3 D, and
A, = P, where S, P, and D denote S, P, and D wave amplitudes, respectively. Normalizing
the decay amplitudes to |4g]* + |4)|> + |4.|* = 1 and eliminating one overall phase leaves
four independent parameters.

The full angular distribution of a B meson decaying into two vector particles is spec-
ified by three angles. The helicity angle basis [29] has been used for angular analyses of
B — J/vy K* decays. An alternative basis, called the transversity basis is more suitable for
extracting parity information [28].

In the transversity basis, the direction of the K* in the J/4 rest frame defines the x-axis
of a right-handed coordinate system. The K plane fixes the y-axis with p,(K) > 0 and
the normal to this plane defines the z-axis. The transversity angles 6., and ¢, are then
defined as polar and azimuth angles of the [T in the J/1 rest frame. The third angle, the
K* decay angle 0y, is defined as that of the K in the K* rest frame relative to the negative
of the J/v¢ direction in that frame. Using these definitions the full angular distribution of
the B — J/v K* decay is [28]:

1 d’r
I’ dcos b dcosOg- do,
= 32 {2 |A4p|* cos®Ok-(1 —sin® b, cos® ¢y,)
+ |4 * sin® O~ (1 — sin® O, sin® @y,

+ |AJ_|2 Sin2 0[{* Sin2 Qtr Sin2 ¢tr

4Actually the only phase that has physical meaning is the product of ¢/p - A/A.
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—Im (A4;AL) sin? O sin 26,, sin ¢,
-+ % Re (ASA”) sin 20[{* Sin2 Qtr sin 2¢tr

+ 75 Im (AGAL) sin 20 sin 26, cos ¢y, }. (1.46)
For B decays the interference terms containing A, switch sign while all other terms remain
unchanged.

_ Results shown in Table 1.1 have been obtained from CLEO and CDF using the decay
K* - K 7+,

Parameter CLEO [30] CDF [31]
|40|> = Ty, /T 0.52 £ 0.074 0.04 0.59 £ 0.06 % 0.02
|AL|2 = |P*> 0.16 £ 0.08 £ 0.04 0.13 7032 £0.03

Table 1.1: Resulting decay amplitudes from the fit to the transversity angles. The first error
is statistical and the second is the estimated systematic uncertainty.

The parity odd component, |4, |?, is three standard deviations from zero in the average
of the two experiments, and is ~25% of the rate of the parity even component. This is
likely large enough to allow the determination of the sign of the interference terms using the
tagged K*° — Kgn° decays; that, in turn, allows a determination of the sign of the product
of cos(273) with a strong phase-shift. The sign of this phase-shift can either be obtained
from factorization, which is a dangerous procedure, or using the much weaker assumption
of SU(3) symmetry, and analyzing the time-dependent oscillations in the decay B, — J/¢¢
[26], where the mixing phase is expected to be small.

Another independent method of removing two of the ambiguities is to measure the sign
of the cos(23) term in the decay B° — J/9K°, K° — n*/Fv. This idea developed by Kayser
[32], works because of the interference between K; and Ky in the decay, where the decay
amplitudes are equal. The time evolution of the decay width can be expressed in terms of
the B° decay time (tp) and the K° decay time ({x) as

[(tp,tx)x
e T5ts {e_%tK [1F sin(28)sin(Amptp)]
+e 1K [1 + sin(28)sin(Amptp) |
:I:(:|:)2e_%(75+7L)tK[ cos(Amptp) cos(Amgtg)
+cos(208)sin(Amptp)sin(Amgtg)] },

(1.47)

where the top sign of each pair is for B°, and the bottom for B°. The first pair of signs in
the third line refers to the kaon decay mode 7~ £*v (K), while the second pair is for 774
(K).
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To get an idea of the predicted asymmetries, we integrate this equation over ¢z. There
are four different rates that can be denoted as combinations of B and B with K and K. In
Fig. 1.9 we show the four rates as solid lines if cos(23) were positive and the four rates as
dashed lines if cos(23) were negative. These were done for sin(26) = 0.7. If sin(23) were
smaller the rate differences would be larger and vice-versa.

1.0

6 7 t (x 10705

Figure 1.9: The decay rates for B° — J/¢¥K°, K° — 7ly, as a function of K° decay time,
integrated over the B° decay time. The solid lines have the sign of the cos(2(3) term as posi-
tive, while the corresponding dashed lines have negative values. The absolute normalization
is arbitrary, and sin(23) was fixed at 0.7.

The differences are large over about five K lifetimes. Since only the sign of the cos(20)
term needs to be found, all other parameters, including sin(23) are specified. Unfortunately,
the event rate is rather small, since B(Kg — 7fv) = 1.4 x 107 and although B(K; —
mlv) = 0.66, only 1% of the K decay soon enough to be of use. Roughly, we have about
100 times fewer events than in J/9Kg. However, if the backgrounds are not too large, it
will only take on the order of a hundred events to successfully determine the sign of cos(203)
using this technique.

It is interesting to note that measuring this combination of B° and K° decay modes can
lead to measurements of CPT violation [33].
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1.6 Comment on Penguin Amplitude

Many processes can have penguin components. The diagram for B® — 7t7~ is shown in
Fig. 1.10. The n*n~ final state is expected to have a rather large penguin amplitude ~20%
of the tree amplitude. Then |A| # 1 and ay,,, equation 1.37, develops a cos(Amt) term.
In the J/¢¥Kg case, the penguin amplitude is expected to be small since a ¢¢ pair must be

\\A

AT
vy
«

Figure 1.10: Penguin diagram for B® — 77 ~.

T[-
+
Tt

L
Quc o

“popped” from the vacuum. Even if the penguin decay amplitude were of significant size,
the decay phase, Im(A/A) is the same as the tree level process, and quite small.

1.7 Techniques for Determining o

Measuring « is more difficult than measuring 3 in several respects. First of all, the decay
amplitudes are modulated by V,, rather than V,, making the overall rates small. Secondly,
the gluonic Penguin rates are of the same order causing well known difficulties in extracting
the weak phase angle (see section 1.6 above). The Penguin diagrams add a third amplitude
to the tree level and mixing amplitudes. It turns out, however, that this complication can
be a blessing in disguise. The interference generates cos(2a) terms in the decay rate, that
can be used to remove discrete ambiguities.

The decay B® — w77~ has oft been cited as a way to measure sin(2«). However, the
Penguin pollution mentioned above, makes it difficult to extract the angle. Current data
from CLEO gives B(B° — KTr¥) = (1.72133; £ 0.12) x 10™° and B(B° — 77n") =
(0.437975 £ 0.05) x 107° [34], showing a relatively large Penguin amplitude which cannot be
ignored. Gronau and London [35] have shown that an isospin analysis using the additional
decays B~ — 7w 7° and B° — 7°7° can be used to extract « [36], but the 7°7° final
state is extremely difficult to detect in any existing or proposed experiment. Other authors
have suggested different methods [37], but they all have theoretical assumptions. Thus,
measurement of the CP asymmetry in B° — 77~ cannot, in our view, provide an accurate
determination of sin(2¢«) unless some new breakthrough in theory occurs.

There is however, a theoretically clean method to determine «v. The interference between
Tree and Penguin diagrams can be exploited by measuring the time dependent CP violating
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effects in the decays B° — pr as shown by Snyder and Quinn [38]. There are three such
neutral decay modes, listed in Table 1.2 with their respective Penguin and Tree amplitudes,
denoted by T, where i lists charge of the p and j the charge of the 7. For the p°7° mode,
isospin constraints are used to eliminate 7°°. The amplitudes for the charged decays are also
given.

Table 1.2: B° — pr Decay Modes

Decay Mode Decay Amplitudes
V2A(BY — ptn°) =8, =T*°+2P,
V2A(BY — p°nt) =S, =T°t - 2P,

A(BO — p+7T_) :S3 :T+_ + Pl + PO
A(B° — pwt) =S, =Tt—-—P +P,
QA(B® — p°n%) =85 =T+~ +T+ — T+ _T° _2p,

For the pr final state, the p decay amplitude can be parameterized as

cos(0)T,
2(m, —m —140.5I')) ’

f(m,0) = (1.48)
where m, is the p mass of 0.77 GeV and I',, the width of 0.15 GeV. # is the helicity decay
angle and the cos(f) dependence arises because the p must be fully polarized in this decay
which starts with a spin-0 B and ends with a spin-1 p and spin-0 7. B

The full decay amplitudes for B® — pr — 7t7~7° and the corresponding B° decay are
given by

AB®) = fTS5+ 754+ f°Ss/2
AB®) = [YSs+ [ Si+f°8s/2 , (1.49)

where the superscript on the f indicates the charge of the p. The sum over the three neutral
B decay amplitudes involves only tree amplitudes; the Penguins vanish. The angle between
this sum for B° decays (= T) and the sum for B° (= T) is precisely o. Computing the
amplitudes gives a series of terms which have both sin(Amt) and cos(Amt) time dependences
and coefficients which depend on both sin(2¢) and cos(2¢).

To extract « only the neutral modes need be measured. Further constraints and infor-
mation about Penguin phases can be extracted if the charged B’s are also measured. But
this is difficult because there are two 7%’s in the p™7° decay mode.

The pr final state has many advantages. First of all, it has a relatively large branching
ratio. The latest CLEO measurement for the p°n™ final state is (1.0 £ 0.3 £0.2) x 107°
[34]. The rate for the neutral B final state p™nT is (2.813 & 0.4) x 1075, while the p°7°
final state is limited at 90% confidence level to < 5.1 x 107 [39]. These measurements are
consistent with theoretical expectations [40]. Secondly, since the p is fully polarized in the
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(1,0) configuration, it decays as cos® ), where 6 is the angle of one of the p decay products
with the 7 in the p rest frame. This causes the periphery of the Dalitz plot to be heavily
populated, especially the corners. A sample Dalitz plot is shown in Fig. 1.11. This kind
of distribution is good for maximizing the interferences, which helps minimize the error.
Furthermore, little information is lost by excluding the Dalitz plot interior, a good way to
reduce backgrounds.

30

g me T

M7
Figure 1.11: The Dalitz plot for B° — pn — 777~ 7° from Snyder and Quinn.

Snyder and Quinn have performed an idealized analysis that uses 1000 or 2000 flavor
tagged background free events. The 1000 event sample usually yields good results for «,
but sometimes does not resolve the ambiguity. With the 2000 event sample, however, they
always succeed.

Recently Quinn and Silva have pointed out ways of using time integrated untagged data
to specify some of the parameters with larger data samples [41]. Some concern for the effect
of the B* pole on the data has been expressed by Deandrea et al [42].

The decay B° — ntn~ can be used with some theoretical input to resolve the remaining
ambiguity in sin(2¢«). The difference in CP asymmetries between 77 and pr is given by

a(rmm) — a(pn) = —2(Ap/Ar)cos(dp — o7) [cos(2a) sin(a)] (1.50)
where Ap and Ar denote the Penguin and Tree amplitudes, respectively, and the §’s represent
their strong phase shifts. Factorization can be used to get the sign of Ap/Ar and the strong
phase shifts are believed to be small enough that cos(dp — d7) is positive [43].

1.8 Techniques for Determining vy

The angle v could in principle be measured using a CP eigenstate of B, decay that was
dominated by the b — u transition. One such decay that has been suggested is B, — p°Kj.
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However, there are the same “Penguin pollution” problems as in B® — w77~, but they
are more difficult to resolve in the vector-pseudoscalar final state. (Note, the pseudoscalar-
pseudoscalar final state here is 7°Kg, which does not have a measurable decay vertex.)

Fortunately, there are other ways of measuring v. CP eigenstates are not used, which
introduces discrete ambiguities. However, combining several methods should remove these.
We have studied three methods of measuring 7.

1.8.1 Measurement of v Using Time-Dependent CP violation in B,
Decays

The first method uses the decays B, — Df KT where a time-dependent CP violation can
result from the interference between the direct decay and the mixing-induced decay [44].
Fig. 1.12 shows the two direct decay processes for B,.

Vcb VUS

Vi Vs | .
BO{ _M.b o Z} > ‘BO{ —L@? W\. :} “
S §_<.\u s S

§} K —4\_2} D

Figure 1.12: Two diagrams for B, — Df K.

Consider the following time-dependent rates that can be separately measured using flavor
tagging of the other b:

I'(B, — f) = |M|?e *{cos®(xt/2) + p* sin®(xt/2) — psin(¢ + ) sin(xt)}
I'(B, = f) = |M|*e *{cos®(xt/2) + p’ sin®*(xt/2) + psin(¢p — &) sin(xt)}
I'(B, — f) = |M|?e"*{p® cos*(xt/2) + sin®(xt/2) — psin(¢ — ) sin(xt)}

T'(B, = f) = |M|*e7*{p® cos®(xt/2) + sin®(zt/2) + psin(¢ + &) sin(xt)}, (1.51)
where M = ( f|B), p = g ;Igg, ¢ is the weak phase between the 2 amplitudes and § is the

strong phase between the 2 amplitudes. The three parameters p, sin(¢ + J),sin(¢ — 6) can
be extracted from a time-dependent study. If p = O(1) the fewest number of events are
required.

In the case of B, decays where f = DK~ and f = D; K™, the weak phase is 7.> Using
this technique sin(y) is determined with a four-fold ambiguity. If AT'(B;) is of the order of
10%, then the ambiguities can be resolved.

5This is an approximation. The phase is precisely v — 2x + /, see section 1.9.
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1.8.2 Measurement of v Using Charged B Decay Rates

Another method for extracting 7 has been proposed by Atwood, Dunietz and Soni [45], who
refined a suggestion by Gronau and Wyler [46]. A large CP asymmetry can result from the
interference of the decays B~ — K~D°, D° — f and B~ — K~D°,D° — f, where f is
a doubly-Cabibbo suppressed decay of the D° (for example f = K*7n~, K7, etc.). The
overall amplitudes for the two decays are expected to be approximately equal in magnitude.
(Note that B~ — K~D° is color-suppressed and B~ — K~ D" is color-allowed.) The weak
phase difference between them is v. To observe a CP asymmetry there must also be a non-
zero strong phase between the two amplitudes. It is necessary to measure the branching
ratio B(B~ — K~ f) for at least 2 different states f in order to determine v up to discrete
ambiguities. Three-body D° decays are not suggested since the strong D decay phase shifts
can vary over the Dalitz plot. Even in quasi-two body decays, such as K*7 there may be
residual interference effects which could lead to false results. Therefore, the modes that can
best be used are D° - K7t and K™K~ (7 "n~) final states.

We now discuss this method in more detail. Consider a two-body B~ decay into a neutral
charmed meson, either a D° or a D’ and a K~. Let us further take the final state of the
charmed meson to be a Ktn~. There are two sequential decay processes that can lead to
this situation, shown in Fig. 1.13. One is where the B® decays into a D°, that decays in a
doubly-Cabibbo suppressed process. The other is where the B° decays via a b — u transition
to a D°, that decays via a Cabibbo allowed process.

a)_ L»MZ}K W gK’
B{‘ ™

b) —
g EI—S(D‘))_‘\‘- K’
B{u__*w\‘ K v %T[

Figure 1.13: Diagrams for the two interfering processes, (a) B~ — D°K~ (color allowed)
followed by D° — K7~ (doubly-Cabibbo suppressed), and (b) B~ — D’K~ (color sup-
pressed) followed by D° — K~n* (Cabibbo allowed).

Remarkably, the decay rate for these two processes is quite similar leading to the possibil-
ity of large interference effects. Even if the interference effects are not large it is possible to
use this method to determine , with some ambiguities. To see how this works, let us define
the decay amplitudes and phases in Table 1.3 for two processes, one as described above and
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the other where the D° or D° decays into a CP eigenstate. (To be specific, we will take the
K*K~ final state.)

Table 1.3: Amplitudes and Phases for B~ — D°/D°K~

Decay Mode B D Strong  Weak
Amplitude Amplitude Phase Phase
B - D°K~,D°— K*n~ Vva N dp1 + d¢ca 0
B~ - D°K-,D° —» Ktr~ Vb N Sp2 + 0c v
B_—)DOK_,DO—)K+K_ \/E Ccp 6B1+6CP 0
B_—)EOK_,EO—)K_K—i_ \/5 Ccp 6B2+6CP vy

All quantities remain the same for the B decays, except that the phase v changes sign.
The observed decay rates for the four processes can now be calculated by adding and squaring
the amplitudes for the same final state. For example, the decay rate for B~ — [KTn | K~
(where [KT7~] denotes a K7~ pair at the D° mass), is given by

I'(B~ — [Kﬂf] K™) = acg + be + 2+/acgbecos(&, + ) (1.52)

where & is a combination of B and D phase shifts, dgy — dp; + d¢ — d¢cq and is unknown.
Similarly, the decay rates for the other processes are

I(B* = [K 7| K*) = acq+ bc+ 2v/acgbecos(é; — )
(B~ = [KTK™]|K™) = accp +beep + 24/ abctp cos(dp — 7)

(Bt - [K*K™| K*) = accp + beep + 24/ abckp cos(dp + )
(1.53)

where dg = dp; — dpa.

In these four equations, the quantities which are known, or will be precisely known before
this measurement is attempted are the decay widths a, ¢4, ¢ and ccp. The unknowns are the
decay width b, two strong phase shifts £ and dp and the weak phase shift . Thus the four
equations may be solved for the four unknowns. We can find sin vy with a two-fold ambiguity.
If more decay modes are added the ambiguity can be removed. The B~ decay mode can
be changed from a K~ to a K*~, which could change the strong B decay phase shift, or a
different D° decay mode can be used, such as K~ 7t7+7~, which would change the strong
D decay phase shift. In the latter case, we have to worry about differences in strong phase
shifts between D° and D° due to resonant structure, but use of this mode can shed some
information on ambiguity removal.

Comparison of the solutions found here and using B, — DIKT as described in the
previous section are likely to remove the ambiguities.
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1.8.3 Measurement of v Using B - K7 and B — nm Decay Rates
and Asymmetries

CLEO has observed the pseudoscalar-pseudoscalar decays B° — K¥r* B~ — K~ 7°, B~ —
K°r~, all with branching ratios around 1.5 x 10~° and observed or set upper limits on the di-
pion final states [34]. Therefore, the Penguin and Tree contributions for B — Kn probably
do not differ by more than a factor of five, so they can produce observable CP violating
effects.

Proposals for extracting information on v have been made using the following experi-
mental ratios:
7(BT) B(B* 5> n"K*)+ B(B* - ntK™)
7(B%) B(Bt = mtK® + B(B~ —» =K%’
R B(Bt —» ntK®% + B(B~ - n~K") L5

" 2[B(Bt = n°K*)+B(B- — m°K~)]’ (1.54)

The first, R, is by Fleischer and Mannel [48], and the second R,, is by Neubert and Rosner
[49], who updated an older suggestion of Gronau and Rosner [50]. The latter paper prompted
much theoretical discussion about the effects of isospin conservation and rescattering [51, 52,
53, 54]. A recent paper of Neubert [55] takes into account these criticisms and provides a
framework to limit +y.

More information is obtainable if the CP averaged 7*7° branching ratios are also mea-
sured, and a CP violating observable defined as

R

~ Agp(r°KH
A= % — Aep(nKY) | (1.55)
where for example
[(B* — 1°K*) — (B~ — m°K~
Acp(mKH) = 1 mK") - I( mK) (1.56)

(Bt = m°K+) + (B~ — m°K~)
To summarize Neubert’s strategy for determining v: From measurements of the CP-

averaged branching ratio for the decays B — 7% B* — 7*K® and B* — 7°K*%,
the ratio R, and a parameter £3/, are determined. Next, from measurements of the rate

asymmetries in the decays BT — 7*K® and BT — m°K= the quantity A is determined.

In Fig. 1.14, we show the contour bands as given by Neubert in the ¢-v plane. Here
¢ is a strong interaction phase-shift. Assuming that siny > 0 as suggested by the global
analysis of the unitarity triangle, the sign of A determines the sign of sin¢$. In the plot,
we assume here that 0° < ¢ < 180°. For instance, if R, = 0.7 and A = 0.2, then the two
solutions are (v, ¢) = (98°,25°) and (v,¢) ~ (153°,67°), only the first of which is allowed
by the upper bound v < 105° following from the global analysis of the unitarity triangle
shown here (section 1.2 or in [15]). It is evident that the contours are rather insensitive to
the rescattering effects. According to Neubert, the combined theoretical uncertainty is of
order £10° on the extracted value of 1.
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Figure 1.14: Contour plots from Neubert [55] for the quantities R, (“hyperbolas”) and A
(“circles”) plotted in the ¢—- plane. The units are degrees. The scatter plots show the results
including rescattering effects, while the lines refer to ¢, = 0. The solid curves correspond to
the contours for R, = 0.7 and A = 0.2, the dashed ones to R, = 0.9 and A = 0.4.

From the contour plots for the quantities R, and A the phases v and ¢ can then be
extracted up to discrete ambiguities. There are also errors in theoretical parameters that
must be accounted for.

1.8.4 Measurement of v Using CP Asymmetries in B° — wtw—and
B? - KtK—-

Yet another interesting method for determining v has been suggested by Fleischer [56]. The
decays B® — w7~ and B? — KK~ are related to each other by interchanging all down
and strange quarks, which is called U-spin flavor symmetry [57]. Both channels can occur
via Penguin or singly-Cabibbo suppressed tree levels diagrams, shown in Fig. 1.15.

For B° — ntn~ the transition amplitude is given by

ABY = 7tr7) = 2D (A% + A%,) + DA + A AL, (1.57)

where AY, is due to the tree contributions, and the amplitudes A%en describe penguin topolo-
gies with internal j quarks (j € {u,c,t}). These penguin amplitudes take into account both
QCD and electroweak penguin contributions. The quantities
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Figure 1.15: Feynman diagrams contributing to B; — 77~ and B, - KTK~ (from Fleis-
cher).

are the usual CKM factors. If we make use of the unitarity of the CKM matrix and use the
Wolfenstein parameterization, we have

2

) A .
ABy - rtaT)=¢€" (1 — ?> C[l—dee™], (1.59)

where
C=NAR, (As + A%) (1.60)

with A%, = A%, — AL, and

de? = ! Apen (1.61)
¢ T U= /2)R, \ AL+ Ax, ) '

ut

The quantity A%, is defined in analogy to A%, and the CKM factors are given by

. 1 1

Vub

~0.4. 1.62
v, (1.62)

For the following considerations, time-dependent CP asymmetries play a key role. In the
case of a general By decay into a final CP eigenstate |f), satisfying

CP)f) =nlf), (1.63)

where 7 here is not the Wolfenstein parameter, we have (see equation 1.37)
L(B§(t) = f) = T(BY(t) = f)
acp(By(t) = f) = ——2 d

~ T(BY(t) = )+ T(BY(t) = f)
= A (By — f) cos(Amgt) + ASE(By — f) sin(Amygt) . (1.64)
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For the case of B° — 777, the decay amplitude takes the same form as (1.59), and we obtain
the following expressions for the “direct” and “mixing-induced” CP-violating observables:

. 2dsinfsin vy
dir _

Ace(Ba = f) = {1 — 2dcosf cosy + d? (1.65)
mix _ sin(20 + 2v) — 2d cos 0 sin(28 + v) + d*sin 23
cv(Ba=f) = 77{ 1 —2dcosfcosvy + d? ’

(1.66)

where 7 is equal to +1; for negligible values of the “penguin parameter” d, we have A (B; —
ntr~) = sin(26+2v) = —sin(2c). However, the penguin contributions are expected to play
an important role.

Consider now the decay B? —+ KTK~. It originates from b — %ud quark-level processes,
as can be seen in Fig. 1.15. Using a notation similar to that in (1.59), we obtain

. 1— )2 .

A(B® 5 KTK™) = e\’ {1 + ( 32 ) d'e® e_”] : (1.67)

where
C'= AR, (Ag; + A;g’n) (1.68)

and
. 1 Act

de? = ~pen 1.69
(1= /2R, (A + Agzn) (1.69)

correspond to (1.60) and (1.61), respectively. The primes remind us that we are dealing
with a b — 3 transition. It should be emphasized that (1.59) and (1.67) are completely
general parameterizations of the B — 777~ and B? — K™K~ decay amplitudes within
the Standard Model, relying only on the unitarity of the CKM matrix. In particular, these
expressions take into account also final-state interaction effects, which can be considered as
long-distance penguin topologies with internal up- and charm-quark exchanges.

There may be a sizeable width difference Al'y; = Fg) - F(Ls) between the B, mass eigen-
states [58], which may allow studies of CP violation with “untagged” B, data samples [23].

Such untagged rates take the following form:
T(BY(t) — f) + T(BY(t) = f) o Rye "5 '+ Rye "0, (1.70)
whereas the time-dependent CP asymmetry is given by

e (Bu(0)  f) = LB = 5 = T(B) = §)
e T T(BYY) = f) + T(BY(t) — )
ASp(Bs — ) cos(Amgt) + AZH (B, — ) sin(Amt)

(s) (s) (s) (s)
e—FH t + e—FL t + AAF(BS — f) (e—FH t _ e—FL t)

=2¢ Tst

(1.71)
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with Aar(B, — f) = (Ry— R1) /(R + Ry,). If the B? — f decay amplitude takes the same
form as (1.67), we have

2d' sin ' si
Adr(B, > f) = TERTERY (1.72)
14+ 2d cos b cosy+d?

WX (B, o f) = sin(2x + 2) + 2 J’Ncos 6’ sin(2x +~'y) + d”?sin 2y (1.73)

1+ 2d cost cosy+ d?

cos(2x + 27v) + 2d' cos @' cos(2x + ) + d” cos 2x

Aar(Bs; = f)=—n ( ) ( ) (1.74)

1+ 2d cos ' cosy + d?

These observables are not independent quantities, and satisfy the relation

A8, = P+ [ABEB 1] + [Aar(B = 5] =1 (1.75)

In the general expressions (1.72)—(1.74), we have introduced the abbreviation

- 1— )2
r=(155) (170

and 2y = 2arg(V;:V;;) denotes the B?-~B¢ mixing phase. Within the Standard Model, we
have 2y ~ 0.03 due to a Cabibbo suppression of O()\?), implying that 2y is very small. This
phase can be determined using B, — J/v 7' decays (see section 1.9).

Since the decays B; — 777~ and B, — KK~ are related to each other by interchanging
all strange and down quarks, the U-spin flavor symmetry of strong interactions implies

d = d (1.77)
0 = 0. (1.78)

In contrast to certain isospin relations, electroweak penguins do not lead to any problems in
the U-spin relations (1.77) and (1.78), according to Fleischer.

In general we have five physics quantities of interest, 2x, d, 8, 23 and . Let us now
assume that sin(23) will be measured and sin(2y) either measured or tightly limited. Only
d, 6 and ~y then need to be determined.

We have four possible measured quantities provided by the time-dependent CP asym-
metries of the modes Bd — ntr~ and B, - KTK~. These four quantltles are AEE (B, —
KTK™), ABX(By — ntn™), AS(B, - KTK~) and A (B; — ntn™). To implement this
plan we need measure only 3 of these four quantities, or combinations of them. For example,
it may be difficult to independently determine A% (B — ntn~) and AY5(By — mF77), be-
cause of the small number of observable B° oscillations before the exponential decay reduces
the number of events too much. However, the sum

Wy = / ALE cos(Amgt) + ASE sin(Amgt)
dir IE mix
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can be determined and used with the other two measurements from B? — KTK~. Clearly
other scenarios are possible.

1.8.5 Opportunities with B, Mesons if AI' is ~10%

Measurement of AI' can be used to estimate in an interesting but model dependent manner
the value of Am, and thus provides a redundant check on B, mixing measurements [23].

Should a large enough AI' be determined there exist other possible ways to determine
some of the interesting physics quantities discussed above. Some of these studies can be
done without flavor tagging. In fact, the time evolution of untagged observables for a B,
decay into a vector-vector final state is proportional to

(e_FHt — e_FLt) sin ¢CKM7 (180)

where ¢oxar is a CP violating angle from the CKM matrix and depends on the specific decay
mode.

In general the angular distribution for B, — V'V is expressed in terms of transversity in
a manner similar to equation 1.46, with the major difference being that the angular variables
are time dependent. The time evolution of the decay B, — J/¢¢ is given in Table 1.4 [59].

Observable Time evolution
| Ao (2)]? |40(0))? |e T2t — e T sin(Amt) sin(2x)
|4 (&) |4 (0)[? [e7Twt — e~ Tt sin(Amt) sin(2x)
A @ AL |eTHt + e T sin(Ame) sin(2x)}
Re(A5()A) (1))  |Ao(0)]|4;(0)] cos(d, — 6,) {e—m — e Ttsin(Amt) sin(2X)J
Im(A7()A, (1) |4 O)14L0)] [ sin(s, — Ame)
+ i(e‘FHt — e ") cos(41) sin(2y)]
Im(45()AL(8)  [Ao(0)]| AL (0)] [e ™ sin(s, — Amt)
+ 5 (e777t — e7 ) cos(d,) sin(2x)]

)
)

Table 1.4: Time evolution of the decay B, — J/¢(— IT17)¢(— KTK™) of an initially (i.e.
at t = 0) pure B, meson. d; 5 are strong phase shifts.

Combining with the decay of the B, the time evolution of the untagged sample is given
by

ET(J /(= 1) (= KTK™)) 9
dcos 8 dp dcosy > 16

- 2|49 (0)|%e "7t cos? 1 (1 — sin® § cos® )
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+sin® ¢ {|4(0)|°e " **(1 — sin® @ sin® ) + |4, (0)|’e"** sin” 0}

1
+—=sin 2¢p {| 44(0)[|4;(0)| cos(8y — 6;)e " " sin® f sin 2}

V2
1
+{E|Ao(0)||z4¢(0)| 08 0 sin 21) sin 26 cos ¢
1
—|4;(0)|| AL (0)| cos 8, sin® ¢/ sin 20 sin go}i (et —e TP 69 | . (1.81)

Thus a study of the time dependent angular distributions can lead to a measurement of
sin(2x), especially if AT is determined before hand. It is also possible to integrate over two
of the angles if statistics is limited. The distribution in J/1¢ decay angle can be written as

dr'(t)

3 3
T o ([Ao(®)” + |4 (D)5 (1 + cos8) + AL (B)” S sin® 0 (1.82)

8 4

where the CP violating angle originates from the imaginary parts of the interference terms
in the A’s.
Other final states have been suggested that provide a measurement of v using the above
ideas. One particularly interesting set of decays is B, — K*"K*~ and B, — K* K*° [60].
Finally, it is important to realize that determination of a non-zero AI" allows the mea-

surement of Re ( % . %), that in turn allows the removal of the ambiguities in the CKM angle
of interest [23]. For the B, decays mentioned here this could be «y or .

1.9 Summary of CKM Tests

Our goal is to measure separately the four angles «, 3, v and x. To extract the angles we
will measure usually either the sin(2¢) or the sin ¢ which leads to discrete ambiguities in the
determination of ¢.

For example, any determination of sin(2¢), where ¢ is any angle found using the interfer-
ence of a single decay amplitude with a mixing amplitude has a four-fold ambiguity, where
¢, /2 — ¢, ™+ ¢, 3w/2 — ¢ are all allowed solutions. One may take the point of view that
we know that n is a positive quantity and thus we can eliminate two of the four possibilities.
However, this would be dangerous in that it could lead to our missing new physics. The
only evidence that 7 is positive arises from the measurements of € and ¢ and the fact that
theoretical calculations give Bx > 0 for e. Even accepting that K decays give n > 0, it
would be foolhardy to miss new physics just because we now assume that 1 must be positive
rather than insisting on a clean resolution of the ambiguities that could show a contradiction.

Each of these four angles can be measured most easily using the modes listed in Table 1.5
Other modes which also may turn out to be useful include B° — D**7~ and its charge-
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Table 1.5: Primary modes useful for measuring CP asymmetries for different CKM angles

Decay Mode Angle
B° — J/YKg sin(20)
B° = pr -5 ntr n®  sin(20)
B¢ — DFK* sin 7y
B~ — D°K~,and c.c. siny
By — J/yn sin(2x)

conjugate [61], which measures sin(—23 — ) albeit with a small ~1% predicted asymmetry,®
and B — K7 modes which can be used to find v albeit with theoretical uncertainties.

There are three alternative ways to measure vy, discussed in section 1.8, which serve both
to remove ambiguities and perform checks. It will be much more difficult to find other modes
to check o, however. One approach is to measure the CP asymmetry in B° — 77~ and
use theoretical models to estimate the effects of Penguin pollution. Minimally, a great deal
would be learned about the models. It also turns out that the third ambiguity in « can
be removed by comparing the CP violating asymmetry in 7+7~ with that found in pmr and
using some mild theoretical assumptions [43]. After the three angles «, § and « have been
measured, we need to check if they add up to 180°. A discrepancy here would show new
physics. To be sure, this check is not complete if ambiguities have not been removed. (Even
if the angles sum to 180°, new physics could hide.)

We also want to measure as precisely as possible the side of the bd triangle (see Fig. 1.4)
that requires a precise measurement of B, mixing [63]. The other side is proportional to the
magnitude of V,;. This will no doubt be measured by eTe™ b-factories and the precision will
be limited by theoretical concerns if form-factors in the exclusive decays and ¢? distributions
in the inclusive decays have been decisively measured.

New physics can add differently to the phases in different decay modes if it contributes
differently to the relative decay amplitudes A/A. Therefore it is interesting to measure CP
violation in redundant modes. For example, the decay B° — ¢Kg should also measure
sin(23). If it is different than that obtained by B° — J/¢¥Kg, that would be a strong
indication of new physics [64]. We list in Table 1.6 other interesting modes to check sin(24).
The branching ratios listed with errors have been measured [65, 66|, while those without are
theoretical estimates.

Silva and Wolfenstein [67] following Aleksan, Kayser and London [8] argue that the best
way to reveal the presence of new physics is to measure y and two of ¢, # and v and compare
with magnitudes of some CKM elements. Recall, in the six CKM triangles in Fig. 1.1, there
are four and only four independent phases. Since the angles «, # and 7y, when properly
measured must add to 180°, Silva and Wolfenstein take only two of them as independent.
The angles 3 and v are expected to be large in the Standard Model. x is expected to be of

6To measure a CP asymmetry this way requires using equations 1.51, and extracting the strong phase,
amplitude ratio, and a small asymmetry: a very difficult task.
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Table 1.6: Other modes useful for cross-checking sin(2/)

Decay Mode Branching Ratio

B° — ¢Kg (0.04 — 1.5) x 107°
B° = DD~ ~ 1073

B° — D**D~ ~ 1073

B° — n'K°, (5.9+1.9) x 107°

B° — J/y(r°, norn) (3.4%£1.6)x107°

the order 2)\%n ~ 0.02 and ' of the order 0.003.

There is no direct way of measuring the small angle x’. However the angle x can be
measured by using B, decays. The most direct way is to measure the time dependent CP
violation caused by the mixing of interference and decay in the modes B, — J/¢m, n — v,
or B, — J/ym', i’ = p°y. The time resolution has to be excellent in order to resolve the fast
B, oscillations. The all-charged mode B, — J/1¢ can also be used [59], but this requires a
complicated angular analysis and consequently a great deal of data.

Let us try and get some idea of the sizes of the angles o, # and . The expected range
of angles derived from Fig. 1.4 is shown in Fig. 1.16. These plots show only the most likely
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Figure 1.16: The “allowed” values for the three angles of the CKM triangle derived from the
allowed, i.e. 1o overlap, region of Fig. 1.4.

values in the Standard Model. Recall that they are based on the overlap of £1¢ bands from
constraints on V,/V,, €, and By mixing. However, this gives us a good indication on where
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we should target our measuring potential. The angle x as mentioned previously is expected
to be small ~ 2)\?.

Measurements of the magnitudes of CKM matrix elements all come with theoretical
errors. Some of these are hard to estimate. We now try and view realistically how to
combine CP violating phase measurements with the magnitude measurements to best test
the Standard Model.

The best measured magnitude is that of |V,,/V,4| = A = 0.2205 £ 0.0018, where the
quoted error has approximately equal experimental and theoretical contributions [11]. Silva
and Wolfenstein [67], along with Aleksan, Kayser and London [8] show that the Standard
Model can be checked in a profound manner by seeing if:

. Vus
Sin Y = V—d
U

sin 3 sin~y
sin(8 + )

(1.83)

Here the precision of the check is limited by the measurement of sin y, not of A. This
check is likely to reveal if new physics is present, even if other checks have not shown new
physics. The example given by Silva and Wolfenstein [67] is a new phase added to the
Standard Model mixing phase, which is missed in the measurement of « plus § since it
cancels in the sum. Two other checks can be performed, which have similar structures.

. Vi |” siny sin(8+7)

— | 1.84
S YL sin 3 ’ (1.84)
siny = Vi Tein sin(f +7) (1.85)

Ve sin y |

Note that it is, in principle, possible to determine the magnitudes of |V,;/V| and
|Via/Vis|, just by measuring the angles precisely enough. This is true because of the unitarity
of the CKM matrix.

Before these precision tests can be carried out, it will be useful to check the consistency
of the measurements of € in K, decay, |V,;/Vy| from semileptonic b decay and the ratio of
z,/x4, Bs/By mixing parameters. The accuracy of the p — 7 constraint from € is currently
determined mostly by V,, and the parameter By, which can only be calculated not measured.
While the determination of V,; will improve in the next several years before it is limited by
theoretical errors, the accuracy of By will probably not improve, and it will remain difficult
to assign a well defined error. Thus, the allowed band in € will shrink somewhat, but it will
remain relatively broad.

B, mixing may as yet be measured by SLD or CDF. If the oscillations prove to be fast
enough, BTeV will make the first measurement. In either case, the ultimate utility of the
measurement in restricting the region of the p — n plane will be determined by the accuracy
of the calculation of the ratio f3 .Bs,/ f1235 Bp,, after the measurement of =, becomes accurate
enough. These parameters have been and are being calculated on the lattice. The accuracy
in the above ratio is estimated not to be better than about 10% [68].
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The ultimate error on |V,,| will also be theoretical in origin. Experimental measurements
from ete™ B factories will perform extensive measurements of inclusive semileptonic b — ufv
decays as well as exclusive decays to the nfv and pflv decays. The form-factors as well as
the branching ratios will be measured and should help to restrict the models. However, at
this time there isn’t a compelling theoretical framework such as HQET for b — c¢fv. Thus,
we estimate the theoretical error to be currently on the order of £14%, and hope for further
improvements.

Thus the intersection of the mixing ratio band with the V,,;, band should provide a crossing
point with reasonable errors. The measurement of each of the individual angles, o, 3 and
~v will need to be consistent within the error band, otherwise the Standard Model will be
violated.

1.10 Rare Decays as Probes beyond the Standard Model

Rare decays have loops in the decay diagrams which makes them sensitive to high mass
gauge bosons and fermions. Thus, they are sensitive to new physics. However, it must be
kept in mind that any new effect must be consistent with already measured phenomena such
as By mixing and b — sv.

These processes are often called “Penguin” processes, for unscientific reasons [69]. A
Feynman loop diagram is shown in Fig. 1.17 that describes the transition of a b quark into
a charged -1/3 s or d quark, which is effectively a neutral current transition. The dominant
charged current decays change the b quark into a charged +2/3 quark, either ¢ or u.

-
b O t,C,u ‘2 S,d>

Figure 1.17: Loop or “Penguin” diagram for a b — s or b — d transition.

The intermediate quark inside the loop can be any charge +2/3 quark. The relative size
of the different contributions arises from different quark masses and CKM elements. For
b — s, in terms of the Cabibbo angle (A=0.22), we have for t:c:u - A2:A%:)\*. The mass
dependence favors the ¢ loop, but the amplitude for ¢ processes can be quite large ~30%.
Moreover, as pointed out by Bander, Silverman and Soni [70], interference can occur between
t, ¢ and u diagrams and lead to CP violation. In the Standard Model it is not expected to
occur when b — s, due to the lack of a CKM phase difference, but could occur when b — d.
In any case, it is always worth looking for this effect; all that needs to be done, for example,
is to compare the number of K*~v events with the number of K**~ events.

There are other possibilities for physics beyond the Standard Model to appear. For
example, the W™ in the loop can be replaced by some other charged object such as a Higgs;
it is also possible for a new object to replace the 2.
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1.10.1 b — sy

This process occurs when any of the charged particles in Fig. 1.17 emits a photon. CLEO
first measured the inclusive rate [71] as well as the exclusive rate into K*(890)~ [72]. There
is an updated CLEO measurement [73] using 1.5 times the original data sample and a new
measurement from ALEPH [74].

To remove background CLEOQO used two techniques originally, one based on “event shapes”
and the other on summing exclusively reconstructed B samples. CLEQO uses eight different
shape variables [71], and defines a variable r using a neural network to distinguish signal
from background. The idea of the B reconstruction analysis is to find the inclusive branching
ratio by summing over exclusive modes. The allowed hadronic system is composed of either a
K¢ — ntn~ candidate or a KT combined with 1-4 pions, only one of which can be neutral.
The restriction on the number and kind of pions maximizes efficiency while minimizing
background. It does however lead to a model dependent error. Then both analysis techniques
are combined. Currently, most of the statistical power of the analysis (~80%) comes from
summing over the exclusive modes.

Fig. 1.18 shows the photon energy spectrum of the inclusive signal, compared with the
model of Ali and Greub [75]. A fit to the model over the photon energy range from 2.1 to 2.7
GeV/c gives the branching ratio result shown in Table 1.7, where the first error is statistical
and the second systematic.
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Figure 1.18: The background subtracted photon energy spectrum from CLEQO. The dashed
curve is a spectator model prediction from Ali and Greub.

Table 1.7: Experimental results for b — s

Sample branching ratio
CLEO (3.15+0.35 £ 0.41) x 102
ALEPH (3.11£0.80 £0.72) x 10~*
Average (3.14+0.48) x 10~*
Theory[76] (3.28 £0.30) x 10~

ALEPH reduces the backgrounds by weighting candidate decay tracks in a b — sy event
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by a combination of their momentum, impact parameter with respect to the main vertex
and rapidity with respect to the b-hadron direction [74]. Their result is shown in Table 1.7.
The world average experimental value is also given, as well as the theoretical prediction.

The Standard Model prediction is in good agreement with the data.

Hewett has given a good review of the many minimal supergravity models which are
excluded by the data [77]. Improved experimental and theoretical accuracy are required to
move beyond the Standard Model here. A measurement of b — dv would be most interesting.

Triple gauge boson couplings are of great interest in checking the standard model. If
there were an anomalous WW 'y coupling it would serve to change the Standard Model rate.
pp collider experiments have also published results limiting such couplings [78]. In a two-
dimensional space defined by Ax and A, the DO constraint appears as a tilted ellipse and the
b — s as nearly vertical bands. In the standard model both parameters are zero.

1.10.2 The Exclusive Decays K*y and py

The exclusive branching ratio is far more difficult to predict than the inclusive. CLEO
measures B(B — K*(890)y) = (4.2 £ 0.8 £ 0.6) x 107°, with this exclusive final state
comprising (18 = 7)% of the total b — sv rate [79].

CLEOQ also limits B(B — py) < 1.2 x 107° at 90% confidence level [79]. This leads to a
model dependent limit on |Vyy/V;,|* < 0.45 — 0.56, which is not very significant. It may be
possible that improved measurements can find a meaningful limit, although that has been
disputed [80].

1.10.3 b — slti-

The diagrams that contribute to b — s£*£~, where £ refers to either an electron or muon are
shown in Fig. 1.19.

b Fm sdy
/€+
ke
AR N

Figure 1.19: Loop or “Penguin” diagram for a b — s£™£~ transition.

Since more diagrams contribute here than in b — s+, different physics can be probed. CP
violation can be looked at in both the branching ratios and the polarization of the lepton pair
[81]. No signals have been seen as yet in any inclusive or exclusive modes. When searching
for such decays, care must be taken to eliminate the mass region in the vicinity of the J/4
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Table 1.8: Searches for b — s¢™¢~ decays

b decay mode 90% c.l. upper limit Group Ali et al Prediction [82]
sutuT 50 x 107° UAL1 [83] (8+2)x 107"
5.7x 1078 CLEO [84]
K*utp~ 4.0 x 107° CDF [85] 2.9 x 1076
23 x 1075 UAL1 [83]
9.5 x 107° CLEO [84]
K*ete™ 13 x 107° CLEO [84] 5.6 x 107°
K utp~ 9.7 x 107® CLEO [84] 0.6 x 107°
5.2 x 1078 CDF [85]
K ete™ 2.5 x 107° CLEO [84] 0.6 x 107°

or 9/ resonances, lest these more prolific processes, that are not rare decays, contaminate
the sample. The results of searches are shown in Table 1.8.

BTeV has the ability to search for both exclusive and inclusive dilepton final states. The
inclusive measurement can be done following the techniques used by CLEO to discover inclu-
sive b — sy and set upper limits on b — s¢7¢~. CLEO doesn’t have vertex information, so
they choose track combinations assigning a kaon hypothesis to one track and pion hypotheses
to the other charged tracks. They allow up to four pions, only one of which can be neutral
and proceed to reconstruct each combination as if it were an exclusive decay mode. If any
combination succeeds, they keep it. BTeV can improve on this procedure in two ways. First
of all BTeV will have RICH K7 separation. Secondly we can insist that the charged particles
are consistent with coming from a b decay vertex. Of course, we lose the power of the beam
energy constraint that is so efficient at rejecting background at the Y(4S5). However, it is a
detailed question as to whether or not we more than make up the rejection power by using
our advantages.

B’s can also decay into dilepton final states. The Standard Model diagrams are shown in
Fig. 1.20. In (a) the decay rate is proportional to |V,;|*f3. The diagram in (b) is much larger
for B, than By, again the factor of |V,,/V;q|*>. Results of searches are given in Table 1.9.

a

Figure 1.20: Decay diagrams resulting in dilepton final states. (a) is an annlhllatlon diagram,
and (b) is a box diagram.

Searches for rare decays modes make up an important part of the BTeV physics program.
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Table 1.9: Upper limits on b — dilepton decays (@90% c.1.)

B(B® — 1) B(B, — £+6) BB — )

ete” utu~ utu~ e~ v [Tt7 TV
SMTF 2x 10715 8§ x 10~ 2x 1077 10~18 10~8 10~°
UA1 [83] 8.3 x 1076
CLEO [86] 59x10~% 5.9x10~° 15x1075 21x107° 22x10~°
CDF [89] 20x 1076 6.8 x 107
ALEPH [87] 1.8 x 103
L3 [90] 5.7 x 104

TSM is the Standard Model prediction.[88]

1.11 The Search for Mixing and CP Violation in Charm
Decays

Predictions of the Standard Model contribution to mixing and CP violation in charm decay
are small. Thus, this provides a good place to search for new physics.
The current experimental limit on charm mixing [91] is

AmD 2 AT 2
+ N
r 2r
while the Standard Model expectation is ~ 107° [92] [93].
For CP violation the current limit is ~10% [11], while the Standard Model expectation

is ~ 1072 [92] [94]. BTeV can probably reach the Standard Model level of CP violation in
charm decays. (The D** provides a wonderful flavor tag.)

<5x107° | (1.86)

1
TD:§
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